We report here the design and experimental demonstration of optically pumped photonic crystal bandedge membrane lasers on silicon-on-insulator (SOI) and on bulk silicon (Si) substrates, based on heterogeneously integrated InGaAsP multi-quantum-well membrane layers transfer printed onto patterned photonic crystal cavities. Singlemode lasing under room-temperature operation was observed at 1542 nm, with excellent side mode suppression ratio greater than 31.5 dB, for the laser built on SOI substrate. For the laser built on bulk Si substrate, single-mode lasing was also achieved at 1452 nm with much lower thermal resistance, as compared to that of the laser built on SOI substrates. Such improved thermal characteristics are favorable for lasers operating potentially at higher temperatures and higher power.
INTRODUCTION
Remarkable progress has been made over recent years on silicon (Si) photonics by utilizing the complementary metal-oxidesemiconductor (CMOS)-compatible process, which is capable of producing devices and integrated circuits (IC) chips at low cost and in mass volumes [1] [2] [3] . CMOS-compatible lasers on Si remain an active and challenging area of research for integrated Si photonics [4] [5] [6] [7] [8] . The heterogeneous integration of III-V semiconductor with Si cavity seems to be one of the most promising approaches. Various III-V/Si hybrid lasers have been reported, by either bonding III-V gain materials to Si [9, 10] or by growing III-V materials directly on Si [11] [12] [13] . By utilizing the transfer printing technique, we reported earlier membranereflector vertical-cavity surface-emitting lasers on Si [14] . We also reported earlier low temperature photonic crystal surface-emitting lasers (PCSELs) on silicon-on-insulator (SOI) substrates, based on the photonic crystal (PC) band edge effect [15] . Here we experimentally demonstrate a room-temperature PC bandedge membrane laser on SOI substrates by optimizing the cavity design and improving the fabrication quality. The experiment results are also correlated to theoretical and numerical analysis in order to clarify the design key factors that are essential for room-temperature operation.
Despite the experimental advances that have recently been integrated with the Si substrate, most III-V/Si hybrid lasers reported so far were demonstrated on SOI substrates. The use of SOI substrates still presents a substrate incompatibility issue with conventional Si electronic chips, largely built directly on bulk Si substrates. Additionally, the presence of a low-index buried oxide (BOX) layer underneath the functional Si layer also limits the thermal performance of the photonic devices built on it, especially, lasers, due to the relatively low thermal conductivity of oxide. Thus, it is of great importance to explore Si photonics built directly on bulk Si substrates [16, 17] . Recently, photonic functions and device integration architectures have been being reported along this direction, including both multilayer 3D photonic integration and vertical-cavity surfaceemitting laser (VCSEL)-based surface-emitting schemes [18, 19] . This allows efficient heat removal from the active gain medium. Moreover, thermal simulations showed that lasers integrated with bulk Si substrates demonstrate low thermal resistance, which facilitates high lasing efficiency and high temperature operation [20, 21] .
In this paper, we report the demonstration of the PC bandedge membrane laser on SOI substrate directly built on bulk Si substrate based on the transfer printing technique.
Single-mode lasing under room-temperature operation from PC bandedge membrane laser on SOI substrate was observed with narrow linewidth and excellent side mode suppression ratio (SMSR). In addition, thermal performance was also investigated to realize efficient heat dissipation and low thermal resistance afforded by the architecture of PC bandedge membrane laser on bulk Si substrate.
CAVITY DESIGN
A schematic of the PC bandedge membrane laser on Si is shown in Fig. 1(a) . The laser cavity consists of an InGaAsP multi-quantum-well (MQW) membrane heterostructure, and a Si-PC slab on SOI substrate with BOX layer thickness of 400 nm. The InGaAsP MQW layer design is based on the previously reported low temperature PC bandedge membrane laser, which consists of a bottom InGaAs contact layer, top and bottom InP cladding layers, and eight pairs of straincompensated In 0.76 Ga 0.24 As 0.83 P 0.17 ∕In 0.485 Ga 0.515 As 0.83 P 0.17 with the center emission wavelength of 1535 nm at room temperature [15] . In order to achieve room-temperature operation in PC bandedge membrane lasers in such a cavity, it is highly desirable to design a cavity with the following characteristics: (1) Two dimension (2D) square lattices Si-PC structure is designed to have a lattice constant of 480 nm, based on the second-order Bragg diffraction condition [22] [23] [24] [25] [26] [27] [28] ; (2) the cavity mode distribution should match with MQW emission peak, with the hole radius and thickness of Si-PC slab designed to be 72 nm (r 0.15a) and 190 nm, respectively; (3) the separation distance between the InGaAsP MQW layer and Si-PC slab is reduced to enhance the in-plane coupling efficiency [29, 30] .
A. Mode Distribution
The approximate refractive index n eff of the whole cavity (InGaAsP MQW active layer and Si-PC) is around 3.2 based on the average dielectric constant in the initial design. In order to achieve surface-emitting output for the emission wavelength close to the communication wavelength range of 1550 nm, the lattice constant a of the cavity is calculated to be 480 nm according to second Bragg diffraction condition a λ∕n eff . Second, the air hole radius is designed to be 72 nm (r 0.15a) in order to reduce the vertical radiation loss to obtain high Q and low threshold [15, 23] . Finally, to optimize the cavity mode match with the MQW emission peak, the thickness of the Si-PC slab is chosen to be around 190 nm [31] .
B. Band Diagram
The band diagram for the Si-PC bandedge lasing cavity is shown in Fig. 1(b) . It is obtained from the Fano/guided resonances peaks or dips in the simulated reflection or transmission spectra according to the relation between the in-plane wave vector k ∥ and the incident angle θ, k ∥ 2π∕λ · sin θ [32] , where λ is the wavelength and θ is the incident angle off the surface normal direction. By changing the incident angle from the surface normal direction (z axis) to in-plane along the x-axis direction, the photonic bands in the Γ − X direction can be obtained. The Γ point corresponds to the surface-normal incidence θ 0°. Here we mainly focus on a small value range of incident angle θ from 0°to 2°, which corresponds to the k ∥ range from 0 to ∼0.01 (2π∕a) in the vicinity of the bandedge. The spectral simulation is employed using the Fourier modal method with Stanford Stratified Structure Solver (S 4 ) software package [33] . In Fig. 1(b) , the four bands in the normalized wavelength range (1520 nm, 1550 nm) are displayed with blue solid lines for the transverse electric (TE, or s) polarization, and red dashed lines for the transverse magnetic (TM, or p) polarization. One can see that all bands are very flat at the edges close to the Γ point, which indicates a very small group velocity and longer light-matter interaction time for these bandedge modes.
C. Analysis of Mode Properties
The field profiles of mode D at λ 1540 nm are displayed in Fig. 1(c) . The E-field of the standing-wave distribution is demonstrated with a red line, and the cavity index profile is plotted with a blue line. The confinement factor can be calculated as follows:
The quality factor and the field distribution of this cavity mode are also investigated. Their quality factor (Q) is obtained by Fano fitting the guided resonances in reflection spectra [34] . In our calculations, only the vertical radiation loss is considered as the in-plane loss, and the internal loss is negligible [23] . Hence, only the radiation loss is considered for the infinite cavity using the following relationship:
Therefore, the gain threshold can be derived as follows:
The E-field along the center of cavity (left) and the crosssection views of the E-field intensity of modes (right) are shown in Fig. 1(d) . One can see the field is strongly confined inside the cavity due to a high index contrast above and below the laser cavity. Based on the above fundamental equations, the confinement factor, quality factor, and radiation loss of mode D (λ 1540 nm) are calculated to be 16.83%, 1.9 × 10 5 , and 0.68 cm −1 , respectively. The four different modes in the cavity close to the wavelength range of 1550 nm with various property schemes have been summarized in Table 1 . The higher quality factor of the mode is due to a smaller hole radius and thicker thickness of Si-PC. The lasing oscillations are expected to be observed from all of these modes. Nevertheless, the dominated single-mode lasing spectrum predicted to occur at mode D corresponds to the lowest gain threshold of 4.04 cm −1 .
D. Coupling Efficiency
In particular, optical coupling phenomena in laser cavity are also investigated. The coupling coefficient for circular holes is expressed approximately as follows [30] :
The confinement factor of Si-PC (Γ PC ) is calculated to be around 37.7%. We discuss here the points that differ from our previous work. In our earlier design [15] , the confinement factor of Si-PC (Γ PC ) was calculated to be around 4.56% and 46% for PCSEL-I and PCSEL-II, respectively. There is a 130 nm cladding layer underneath the InGaAsP MQW for PCSEL-I. For PCSEL-II, on the other hand, the InGaAsP MQW is directly built on the Si-PC without gap. We attribute the higher coupling efficiency mainly to the smaller separation distance between the InGaAsP MQW layer and Si-PC. Please note the confinement factor of Si-PC (Γ PC ) is proportioned to the separation distance in the cavity. In the present work (PCSEL-III), the separation distance is designed to be 70 nm, including a 30 nm cladding layer and a 40 nm contact layer for better current injection. One can see that more field distributed in the Si-PC region is indicative of a higher coupling efficiency of 37% for PCSEL-III. Also, the muchimproved field confinement in the Si-PC region indicates a much stronger optical feedback in cavity. The calculated Q factor for the present design is 1.9 × 10 5 , higher than previously reported cavity Q values [15] . Consequently, better lasing performances are achieved.
DEVICE FABRICATION
A SOI wafer with 230 nm top Si layer and 400 nm BOX layer was used here. The top Si layer was first thinned down to 190 nm by thermal oxidation and selective wet etching processes. Next, the 2D square lattice PC pattern with a size of 1 × 1 mm 2 was defined with ZEP-520 resist by using the standard electron beam lithography (EBL). The scanning electron microscopic (SEM) top view of Si-PC on SOI substrate is shown in Fig. 2(a) . The lattice constant a and air hole radius r of the fabricated PC are 480 nm and 72 nm, respectively. The sample was then etched with the ZEP-520 resist pattern to create a high index contrast between Si and air by using the dry etching process.
InGaAsP MQW structure was grown on (001) n-InP substrate by metal organic chemical vapor deposition (MOCVD), with a 500 nm InGaAs sacrificial layer between the top QW structure and the bottom InP substrate. Substrate removal and wax protection processes were used here for the release of the large area InGaAsP QW structure [15] . The transfer printing process was utilized to attach the InGaAsP MQW to the SOI substrate. The Si-PC on SOI substrate was first cleaned by solvent, followed by standard RCA cleaning to remove organic residues from the surface. The lifted InGaAsP MQW membrane is then carefully printed on a patterned Si-PC cavity. Subsequently, wax was removed with trichloroethylene (TCE) and isopropyl alcohol (IPA) solutions. Finally, a 300 × 300 μm 2 active MQW square size is defined by photolithography and selective wet etching process. Figures 2(b) and 2(c) show the SEM top view and cross-sectional view of a transferred InGaAsP MQW membrane on a Si-PC cavity on a SOI substrate. Shown in Fig. 2(d) is a micrograph image of PC bandedge membrane lasers on SOI substrate. It is worth noting that this process could be applied at room temperature and is capable of a 5 μm alignment accuracy.
DEVICE CHARACTERISTICS
Here we describe the lasing characteristics of the PC bandedge membrane laser. The device was optically pumped from the surface-normal direction via a long working distance objective lens (×10) by a continuous wave (cw) green (532 nm) laser. The diameter of the excitation spot is around 110 μm. The optical characteristics of this PC bandedge membrane laser device were then measured by a monochrometer based microphotoluminescence (μ-PL) setup. Figure 3(a) shows the light output and linewidth as a function of the pump power measured on the surface of the focusing plane. A threshold power density of 0.25 kW∕cm 2 was obtained. The measured spectral linewidth was reduced from ∼14 nm (below threshold) to 0.54 nm (above threshold). Notice a thermal rollover was observed at optical pumping intensities higher than 0.4 kW∕cm 2 . A spectrum of the laser line above threshold is shown in Fig. 3(b) , where the lasing wavelength is 1542 nm, very close to the predicted value of mode D in the simulation. The lower threshold pump power density is a result of the high Q value of mode D. All the other modes are possible to get lasing with sufficient pump energy. Figure 4 shows the lasing spectrum measured at a pump power density of 0.32 kW∕cm 2 . A clear single-mode operation was observed. A zoomed-in lasing spectrum plotted in semilog scale is shown in Fig. 4(a) . The peak wavelength, full width at half-maximum (FWHM) of the spectrum, and SMSR are 1542 nm, 0.54 nm, and 31.8 dB, respectively. Figure 4 (b) is a measured far-field lasing profile with single-mode output at the focusing plane of the collimator.
LASER ON BULK SI SUBSTRATE
As mentioned above, the low-index BOX layer underneath the Si-PC layer limits the heat dissipation performance of the laser cavity due to relatively low thermal conductivity of oxide. Thus, it is of great importance to introduce the PC bandedge membrane laser directly built on bulk Si substrate, where the Si-PC structure is used as the bottom cladding layer, and the MQW membrane can be printed directly on bulk Si substrate without a low-index oxide buffer layer. The design parameters were carefully chosen for the bottom Si-PC as smaller refractive index was involved as compared with laser on SOI substrate with low-index buffer. A schematic of a successful design of this structure is shown in Fig. 5(a) , which consists of a transferred InGaAsP MQW membrane on a Si-PC cavity on a bulk Si substrate. A bulk Si wafer with 550 μm thickness was used here. The 2D square lattice PC pattern on bulk Si substrate was made following the same EBL patterning and dry etching processes. The SEM top view of Si-PC cavity on bulk Si substrate is shown in Fig. 5(b) . The lattice constant (a), air hole radius (r), and etched depth of the fabricated PC are 540 nm, 243 nm, and 400 nm, respectively. The approximate refractive index n eff of the InGaAsP MQW active layer and Si-PC was around 3.2 and 2.2 based on the average dielectric constant in the design. Different from the PC bandedge membrane laser on SOI substrate, the PC structure here was considered as the low refractive index cladding layer of the cavity. The field profile of the lasing mode is displayed in Fig. 5(c) , where the integrated H-field intensity of the whole cavity along the z-axis direction is plotted together with the cavity index profile. The crosssection view of H-field intensity of lasing mode is shown in Fig. 5(d) . Note here that the large air hole radius was designed to ensure the high refractive index contrast. One can see the field was confined inside the thin cavity due to high index contrast above and below the laser cavity. Moreover, the thickness of the Si-PC slab was chosen to be 400 nm to obtain high Q value by reducing the vertical radiation loss. Finally, he Q value of the lasing mode can be theoretically calculated around 3000, which would be able to achieve the single-mode lasing in the 160 K operation temperature [12] .
To evaluate the laser performance experimentally, the PC bandedge membrane laser on bulk Si substrate was mounted on a temperature controlled stage inside a cryostat and characterized by the same microphotoluminescence (μ-PL) setup system in our previous work [11, 12] . The measurement setup outlined is shown in Fig. 6 . Figure 7 on the surface of the PC bandedge membrane laser on bulk Si substrate. The laser threshold pump power density of 0.4 kW∕cm 2 was obtained, where it was around a factor of 2 greater than PC bandedge membrane laser on SOI substrate at similar operation temperatures. We attribute this to the much lower optical confinement factor and less Q value within the cavity due to a larger air hole radius. The calculated Q factor is 3.27 × 10 3 , which is 2 orders lower than the Q for PCSEL on SOI. However, there are few strategies to improve the laser characteristics of present cavity design on bulk Si substrate, such as the introduction of vertical asymmetry in the air-hole structure and effective utilization of tailoring the vertical etched profile. The Q value can be theoretically increased much higher above 3000, which would achieve lower threshold pump power density in the 160 K operation temperature. Figure 7 (b) presents the measured lasing spectrum above the threshold. The single-mode lasing peak wavelength and linewidth are 1452 nm and 0.87 nm in the 160 K operation temperature.
THERMAL PERFORMANCE ANALYSIS
In order to compare the thermal performance, here we prepared two PC bandedge membrane lasers built onto bulk Si substrate and SOI substrate, respectively. The laser cavity for both devices is designed to operate at similar temperatures and emission wavelengths. The thicknesses of each layer of the InGaAsP MQW membrane and the parameter of Si-PC are listed in Table 2 .
The bulk Si substrate is expected to dissipate more heat along the vertical direction from the surface of the cavity to the bottom substrate and heat sink. A figure of merit to quantify the heat dissipation out of the cavity is the thermal resistance [35, 36] . By extracting the shift of emission peak wavelength with varying the temperature and pump power, the thermal resistance of the laser can be mathematically defined by the following ratio:
T const:
Here, the ΔP heat is the heat generated from the cavity, and ΔP p is the total pump power. We assume heat generation is primarily in the QW section [37] , and it is linearly proportional to the optical pump power for the operation window between threshold and rollover. We first characterize the PC bandedge membrane laser on bulk Si substrate. The wavelength spectrum dependence of the pumping power from the PC bandedge membrane laser on bulk Si substrate was measured, as shown in Fig. 8(a) . The peak of the emission wavelength slightly shifted towards longer wavelengths when the pump power increased from 25 mW to 50 mW at 160 K. In our measurement, the spectral shift versus power ratio presents the spectral shift versus power generated from the QW region. Second, the spectral dependence of the operation temperature varying from 120 to 200 K at a constant incident power was also measured and shown in Fig. 8(b) . Please note the cavity design of the PC bandedge membrane laser on bulk Si substrate was optimized for device operation around 160 K. Single-mode lasing operation was obtained at the 120 to 200 K range for the pump power at 40 mW. The wavelength shift versus pumping power was calculated to be 0.0125 nm/mW, and the shift versus temperature was 0.0412 nm/K. Figures 9(a) and 9(b) show the measured emission wavelength peak shift at different pump powers and varying operation temperatures for both PC bandedge membrane lasers on bulk Si substrate and on SOI substrate operation at 160-180 K. For the PC bandedge membrane laser on bulk Si substrate, the thermal resistance was extracted from Figs. 9(a) and 9(b) and calculated to be 303.4 K/W. On the other hand, the thermal resistance of the PC bandedge membrane laser on SOI was calculated to be 558.5 K/W. The thermal resistance of the PC bandedge membrane laser on bulk Si substrate is therefore around a factor of 2 times lower than that of a structure with a BOX layer. We attributed the higher thermal resistance to the low thermal conductivity of the BOX layer. It is also worth noting that the thermal resistance value calculated here is a relative value, as the absolute value should be based on the exact heat source (ΔP heat ), which is not known here.
CONCLUSIONS
We successfully demonstrated a hybrid III-V/Si-PC bandedge membrane laser, based on a transferred InGaAsP MQW structure on Si substrate. With the careful cavity design, single-mode lasing under room temperature optical pumping was achieved with a linewidth ∼5.4 Å and a SMSR of 31.8 dB. Another important cavity design of the PC bandedge membrane laser directly built on bulk Si substrate was also reported. The excellent heat dissipation from the active region and minimized temperature rise of the lasing cavity were also demonstrated experimentally, and agree well with the simulation. 
